Experiments are reported on inverse free-electron-laser acceleration, including for the first time observations of the energy change as a function of relative injection phase of the electron bunches. The microwave accelerating structure consists of a uniform circular waveguide with a helical wiggler and an axial magnetic field. Acceleration of the entire beam by 6% is seen for 6 MeV electron bunches at optimum relative phase. Experimental results compare favorably, for accelerating phases, with predictions of a three-dimensional simulation that includes large-orbit effects. DOI: 10.1103/PhysRevLett.86.1765 Inverse free-electron lasers (IFELs) were first described in the 1970s [1] and have been proposed for future high-gradient particle accelerators [2] . The IFEL is a promising stageable vacuum laser accelerator of electrons or positrons, based on existing technology, with possible gradients in the 100-400 MeV͞m range [3] . In the past decade several prototypes have been operated [4, 5] and compared with a one-dimensional theory of the interaction [6] , and the physics of IFEL staging is currently being investigated at Brookhaven National Laboratory [7] . We report here on experiments using a prototype IFEL accelerator in which we compare the large-orbit behavior of the IFEL to detailed numerical predictions using a fully three-dimensional theory. Such a theory is required to analyze future compact high-energy IFEL devices, as particle orbits at the energies proposed would necessarily be comparable to the beam waist of the accelerating field.
Inverse free-electron lasers (IFELs) were first described in the 1970s [1] and have been proposed for future high-gradient particle accelerators [2] . The IFEL is a promising stageable vacuum laser accelerator of electrons or positrons, based on existing technology, with possible gradients in the 100-400 MeV͞m range [3] . In the past decade several prototypes have been operated [4, 5] and compared with a one-dimensional theory of the interaction [6] , and the physics of IFEL staging is currently being investigated at Brookhaven National Laboratory [7] . We report here on experiments using a prototype IFEL accelerator in which we compare the large-orbit behavior of the IFEL to detailed numerical predictions using a fully three-dimensional theory. Such a theory is required to analyze future compact high-energy IFEL devices, as particle orbits at the energies proposed would necessarily be comparable to the beam waist of the accelerating field.
The IFEL interaction, in which the coupling of a periodic magnetic field and an electromagnetic wave can accelerate electrons and positrons, was first demonstrated in 1992 in the millimeter-wave regime [4] ; however, there were reports of stimulated absorption by an electron beam in connection with early FEL experiments [8] , implying small energy gain by electrons [9] . More recently a series of experiments using a 10-mm, 1-5-GW laser have shown maximal energy increase approaching 5% for an injected energy of 40 MeV [5] as well as beam bunching at the optical wavelength scale [6] . The experiments described here use microwave power at f 2.8 GHz and allow electrons to be injected at a single value of the ponderomotive phase, enabling direct observation of the phase response of the IFEL; this process was not demonstrated in any previous experiment. As predicted by theory and three-dimensional simulation [10] , the measured energy change is strongly phase dependent but asymmetric for the configuration described here, since the helical wiggler employed is tapered in period.
An approximate one-dimensional treatment [3] of the IFEL acceleration process for a constant-period wiggler predicts an energy gain rate
which is independent of charge sign, where g is the relativistic energy factor, l s is the free-space wavelength of the driving electromagnetic radiation, a s eE 0 l s ͞2pmc 2 is the normalized electric field strength in the structure, E 0 is the electric field amplitude of the radiation, and a w eB w l w ͞2pmc is the normalized wiggler field, with B w and l w the wiggler field amplitude and period, respectively. The parameter F is the phase of the electron in the beat wave formed by the wiggler and wave fields, with IFEL acceleration corresponding to positive values of sinF and FEL radiation to negative values. The ability to choose the phase value F thus allows one to determine the output energy value and obtain minimal energy spreads on the output beam. Equation (1) is not an accurate description of the experimental situation, however, because of tapers in wiggler and guide magnetic fields introduced to allow smooth injection and stable interaction, as well as intrinsic large-orbit effects.
Components of the experiment described here, dubbed the microwave inverse free-electron laser accelerator (MIFELA) [11] , include an rf gun and achromatic beam line as the injector, an rf structure for acceleration, a pulsed helical wiggler magnet, and a series of solenoid coils which provides an axial guiding magnetic field. An energy spectrometer and other diagnostics are also employed. A schematic depiction of the experimental layout is shown in Fig. 1 , and the parameters of the experiment are summarized in Table I .
The MIFELA structure, a uniform stainless-steel circular waveguide operated near cutoff, also serves as the vacuum vessel and supports the conductors of the wiggler magnet, which are wound on its outer wall. The low waveguide refractive index increases the power density but also tightens the allowable tolerance on the waveguide inner radius; hence, machining constraints limited the overall length of the structure to less than 180 cm. rf power 0031-9007͞01͞86 (9)͞1765 (4) at 2.856 GHz is introduced into the waveguide through an input coupler which sets up the required TE 11 rotating waveguide mode with greater than 97% circularity. Unused power is absorbed through a similar coupler at the MIFELA output, and incident and transmitted power levels can be measured with calibrated crystal detectors.
The wiggler field in MIFELA is provided by a bifilar helical winding which encircles the waveguide and which is pulsed with currents of up to 60 kA from a capacitor bank, helping to overcome eddy-current shielding by the conducting wall. As the electron energy increases, the period of the wiggler is tapered from 11.75 cm initially to 12.3 cm at the end of the device; this increases the wiggler field by 5% over that length, from 1.15 to 1.30 kG, as shown in Fig. 2 .
Before it is accelerated, the beam traverses an adiabatic entry region in which it is "spun up," acquiring trans- verse momentum but undergoing little or no energy change [12] . In this entry region, the wiggler and axial fields are smoothly tapered from zero to their full values over five wiggler periods, as shown in Fig. 2 . A series of resistive shunts between the two windings of the wiggler gradually decreases the wiggler current and creates the required taper. Figure 2 also shows the measured field in the wiggler entry region. An adjustable axial magnetic field, provided by a series of 18 individually controlled solenoid coils surrounding the waveguide and wiggler, stabilizes the electron orbits. This guide field is also tapered smoothly up from zero in the entry region. The beam injected into MIFELA is produced by a 2-1͞2 cell rf gun operating at 2.856 GHz and consists of a train of 5 ps microbunches of about 10 8 particles each, with an energy near 6 MeV. rf power from a single XK-5 klystron is split between the gun and the accelerator structure using a variable splitter and phase shifter, so that phase stability between the beam pulse and the accelerating bucket is assured. The phase control also allows selection of the ponderomotive phase at which the beam is injected, with an inherent phase spread of less than p͞20 rad. After exiting the gun, the beam travels through an achromatic beam line containing an energy selection slit, which reduces the energy spread on the injected beam to the 1% level. Diagnostics on the beam line include toroidal current monitors and phosphor screens.
After acceleration, a pulsed steering magnet returns the spiraling beam to the axis. The beam's energy distribution is measured with a magnetic spectrometer, the beam being collected in a Faraday cup after passing through a 3 mm slit. Calculations and comparison with beam line data indicate a smallest resolvable energy change in the spectrometer of roughly 70 keV. Extensive simulations of the experiment were performed using the three-dimensional particle code ARACHNE [13] , in which each particle is tracked individually and space charge is included, and which has been benchmarked against FEL experiments [14] . Simulation results guided the design of the experiment and have also been used below for comparisons with experimental data.
To observe acceleration or deceleration, spectra without the wiggler field were compared to spectra with the wiggler energized under otherwise identical conditions, since (as expected) no energy change was observed unless both wiggler and rf fields were present. Figure 3 distribution is nevertheless consistent, and the effective acceleration gradient is 0.43 MV͞m. The percentage energy change of 6% for all exiting particles exceeds all prior measurements reported for IFELs.
The plot in Fig. 3(b) (for a phase of 161 ± ), with a distorted spectral shape in which the average and peak energies differ, is harder to interpret. Since the tapered wiggler field breaks the symmetry between accelerating and decelerating phases suggested by Eq. (1), the energy change is not expected to be equal and opposite to that for 6 ± ; however, the observed peak is shifted in the positive direction, with an average energy gain comparable to the sensitivity limit of the spectrometer.
Both of these cases are compared with simulation in Fig. 4 , where calculations assume a zero-emittance injected beam with nonzero energy spread. The resulting accelerated-beam spectrum is quite consistent with the experimental data, while the decelerating phase match is not as good; in the latter case, both spectral shape and peak location differ from their experimental values. However, the simulation does show increased energy width, greater beam loss, and distorted energy distribution for the decelerating phase as compared to the accelerating phase; asymmetry in the gain curve is also present. We believe that this shows an overall lack of orbit stability in the decelerating-phase case, when the wiggler taper no longer matches the beam energy gain, and that the resulting sensitivity of the beam to exact field and injection conditions would make its simulation less reliable. both mostly positive (although near zero) and less clean than results for accelerating phases. The error bars give an indication of the uncertainty involved in assigning a single number to the energy in each case, due to nonuniform energy spreads and instrumental noise.
Simulation results for the same conditions are shown in the figure as well, using a monoenergetic input beam with rms transverse emittance´x ,y 14p mm mrad. Agreement is clear for accelerating phases (those less than 180 ± ), though less precise in decelerating phases, showing once more the decreased beam quality and IFEL performance observed in that case.
In summary, these low-power results show general consistency with theoretical expectations, and close agreement between data and simulation has been demonstrated for accelerating phases, which are the cases of interest for IFELs. If we consider millimeter-wave IFELs at higher power levels and frequencies, approximate scaling laws derived from Eq. (1) and confirmed by simulation imply, for example, that a MIFELA operated with 150 MW of input power at a frequency of 34 GHz (parameters which have been proposed for next-generation rf accelerators [15] ) should have a gradient of 30-35 MV͞m. Our confirmation of the three-dimensional analysis with experimental data at large orbits also bolsters the case for a high-energy IFEL previously analyzed with a one-dimensional model [2] . Taking l s 10.6 mm, E 12.5 GeV, l w 6 m, and B w 1 T, the electron orbit radius is roughly 2 mm, comparable to that in the current experiment and to the waist radius of the high-intensity optical field. A tapered wiggler, which keeps a w constant, will suppress the increase of synchrotron radiation with increasing electron energy, but results in an increasing orbit radius. This research, in which the driving field also varies across the electron orbit, confirms the applicability of three-dimensional theory to IFELs at high energy.
